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-We investigated the influence of altered muscle duty cycle on the performance decrements and neuromuscular responses occurring during constant-load, fatiguing bouts of knee extension exercise. We experimentally altered the durations of the muscularly inactive portion of the limb movement cycle and hypothesized that greater relative durations of inactivity within the same movement task would 1) reduce the rates and extent of muscle performance loss and 2) increase the forces necessary to trigger muscle fatigue. In each condition (duty cycle ϭ 0.6 and 0.3), male subjects [age ϭ 25.9 Ϯ 2.0 yr (SE); mass ϭ 85.4 Ϯ 2.6 kg], completed 9 -11 exhaustive bouts of two-legged knee extension exercise, at force outputs that elicited failure between 4 and 290 s. The novel duty cycle manipulation produced two primary results; first, we observed twofold differences in both the extent of muscle performance lost (DC 0.6 ϭ 761 Ϯ 35 N vs. DC0.3 ϭ 366 Ϯ 49 N) and the time course of performance loss. For example, exhaustive trials at the midpoint of these force ranges differed in duration by more than 30 s (t 0.6 ϭ 36 Ϯ 2.6 vs. t0.3 ϭ 67 Ϯ 4.3 s). Second, both the minimum forces necessary to exceed the peak aerobic capacity and initiate a reliance on anaerobic metabolism, and the forces necessary to elicit compensatory increases in electromyogram activity were 300% greater in the lower vs. higher duty cycle condition. These results indicate that the fatigue-induced compensatory behavior to recruit additional motor units is triggered by a reliance on anaerobic metabolism for ATP resynthesis and is independent of the absolute level or fraction of the maximum force produced by the muscle. muscle fatigue; neuromuscular compensation; performance-duration relationship IT HAS LONG BEEN RECOGNIZED that there is a duration-dependent relationship between the levels of muscular force and mechanical power that can be maintained in exercise performed until failure. Between exhaustive efforts that elicit failure within seconds to several minutes, the losses in muscular force and power output are exponential; however, beyond this initial period of rapid decrements, similar levels of muscular performance can be sustained for hours (19, 27, 31, 40, 45) . For example, the current human record running speed (29) is 185% faster than the speed that can be sustained for an 8-min run, yet extending the duration from several minutes to 2 h results in only an additional 8% loss in running speed (32) . Thus, within the endurance portion of this relationship, performance levels are essentially sustainable, a recognition that has long been attributed to the reliance on aerobic metabolism for the ATP resynthesis necessary to support the muscular contraction. In contrast, comparatively little is known about the physiological mechanisms determining the much greater extent, and more rapid time course, of muscle performance loss that occurs during the nonsustainable, short-duration phase of this general relationship.
For whole body modes of exercise eliciting failure between 3 and 300 s, the relative rates and extent of performance loss are defined by highly accurate, individual performance-duration relationships, determined from three physiologically based components (13, 14) . Two of these measures are subjectspecific and define the upper and lower limits of each individual's short-duration performance range; these measures are the mode-specific musculoskeletal maximum performance (i.e., speed, power, force) sustained for 3 s or less and the upper level of performance that can be supported for roughly 5-8 min. Efforts of this duration rely primarily, but not exclusively, on aerobic metabolism for ATP resynthesis. Direct measures of cellular metabolism from exhaustive efforts of similar durations indicate that aerobic metabolism accounts for 91% of the total metabolic energy liberated during these trials (23) . The third factor is an empirically derived exponential time constant describing the rates of muscle performance loss between the upper and lower end points of the nonsustainable performance range. The exponential time constant appears to be similar among different individuals (30, 51) but varies between modes of exercise (52) . The between-mode, rather than betweenindividual, differences implicate the mechanics of the muscle contraction as an important factor dictating the time course of performance loss and the development of muscle fatigue during short-duration exhaustive exercise. However, the empirical evidence necessary to evaluate the influence of altered mechanical factors, such as relative durations of activity and inactivity, contraction frequency, and shortening velocity, on the extent of force loss and rates of performance decrements occurring with increments in the duration of muscular activity during exhaustive dynamic tasks is not yet available. These data have both experimental and applied relevance because the times to failure at relative levels of force application are a widely used measure in studies of muscle fatigue, and prolonging high force efforts is the objective of numerous competitive events and training methods used to induce neuromuscular adaptation.
Therefore, we developed an experimental design to manipulate the mechanics of the muscle contraction by altering the duration of the inactive period within the movement cycle (i.e., the duty cycle), while subjects performed constant-load, dynamic knee extension exercise. The goal was to alter the time course and extent of muscle performance loss occurring in exhaustive dynamic bouts of the same muscular task. We devised a custom knee extension ergometer (after Ref. 3 ) that permitted subjects to provide positive physical work (J) by applying force against the ergometer throughout the limb's extension. We anticipated that the mechanical power outputs sustained at a subject's peak rate of oxygen uptake would be similar between the experimental conditions, because mechanical power does not appear to vary substantially with limb cadence at this intensity (5, 49, 54) . The physical consequence (Eq. 1) of similar mechanical power outputs with different periods of muscular inactivity provides an experimental opportunity to markedly alter the level of muscular force necessary to exceed the upper level of performance supported primarily by aerobic metabolism and elicit a transition to a net reliance on anaerobic metabolism for force production.
Thus, the experimental manipulation used here permits a test of the long-standing paradigm that the onset of muscle fatigue and the associated motor responses are directly linked to the level of muscle force applied (21) . This expectation provides a primary rationale for the near-universal practice within the neuromuscular fatigue literature of referencing muscle performance to the force elicited during a maximum voluntary contraction (i.e., MVC). Here, we used surface electromyography (EMG) to identify the presence of impaired muscular force production (7, 20, 24, 37, 41) during both sustainable and nonsustainable knee extension exercise. We considered a progressive increase in EMG amplitude occurring while muscle force production remained constant as the indicator of a compensatory response by the nervous system to maintain force output in the presence of fatigue (1, 10, 17, 26) . This response is essentially absent (11, 15, 48) during muscle contractions performed for long durations at relatively low levels of force production that are supported primarily by the body's aerobic system. Therefore, we hypothesized that muscle performance loss and the compensatory fatigue response occur independently of muscle force and are triggered when aerobic metabolism can no longer support the contraction and a net reliance on anaerobic metabolism is required. We specifically expected to observe 1) lower levels of force output necessary to elicit the onset of fatigue-induced compensatory neuromuscular activity, and 2) greater relative rates of performance loss between equivalent levels of muscle force production in the higher vs. lower duty cycle condition, despite performing the same motor task.
MATERIALS AND METHODS

Subjects.
Seven male subjects without a history of surgical invasion to the leg [age ϭ 25.9 Ϯ 2.0 yr (SE); mass ϭ 85.4 Ϯ 2.6 kg], volunteered and provided their written informed consent to participate in this study, which was preapproved by the local Institutional Review Board. Six of the seven subjects were actively engaged in either endurance or resistance training at the time of the study. A summary of their relevant physiological and performance characterstics appears in Table 1 .
Experimental protocol. We employed a two-legged knee extension protocol performed at different duty cycles and force levels to test our hypotheses of altered time courses of performance loss and thresholds necessary to initiate the compensatory neuromuscular response. The variation in duty cycle-here the ratio of the durations of muscle force application to the entire movement cycle-was accomplished by using a visual feedback array (6, 25) consisting of two columns of light-emitting diodes (LED). One of the columns was driven by an adjustable timing circuit that could be altered to achieve the desired active vs. inactive durations. The second column was driven by a string potentiometer (SP1-50; Celesco, Chattsworth, CA) connected to the ergometer arm and provided feedback by illustrating the subject's actual displacement. Subjects were instructed to match the progress displayed on their array column to the imposed cadence of the other column (Fig. 1) .
Subjects typically completed three different duty cycle conditions, which required a minimum of 12 laboratory visits. We administered the conditions as follows: subjects completed sessions at an intermediate cadence for acclimation (4) and subsequently completed a low and a high duty cycle manipulation. Two of the seven subjects completed the acclimation and a single duty cycle manipulation; as a result, data from six subjects are included in both the low and the high duty cycle data sets. Each duty cycle condition required a minimum of four laboratory visits (Fig. 1) . During the first visit per condition, subjects completed a progressive, force-incremented, discontinuous test to determine the minimum force level necessary to elicit their V O2 peak. Sessions two and three, in each duty cycle condition, consisted of a standardized warm-up (172 Ϯ 16 N), followed by five, randomly administered, constant-load exhaustive trials at a range of forces chosen to elicit failure between 4 and 300 s. During these sessions, subjects were allowed to take as much rest between the trials as they deemed necessary to be fully recovered but were required to wait at least 15 min. The last lab visit for each duty cycle condition consisted of a standardized warm-up, followed by a progressive discontinuous test to determine the subject's maximum musculoskeletal force output for three consecutive contractions while adhering to the specified cadence. Given the considerable number of laboratory visits required, we monitored the subjects for a training effect. A training effect would result in improved musculoskeletal or aerobic performance throughout the course of the subject's participation. This was not observed.
Custom knee extension ergometer. The custom knee extension ergometer consisted of an instrumented knee extension machine (GCEC340; Body-Solid, Forest Park, IL) connected to the pedal of a cycle ergometer (828E; Monark, Varberg, Sweden) by a hollow metal tube (3). The knee extension machine and cycle ergometer were secured to a stage to maintain proper alignment between the equipment. The connecting tube (l ϭ 1.63 m) was attached to the ergometer's load arm with a distance of 0.108 m from the ergometer's axis of rotation. This ensured that a full knee excursion by the subject produced an angular displacement at the pedal that was small enough to achieve passive return. To decrease the reliance on the cycle ergometer's nylon brake, we augmented the standard 54:14 gear ratio with a 130-tooth sprocket attached to the pedal crank to create a gear ratio of 130:14. These modifications produced patterns of force Values are expressed as means Ϯ S⌭. The mechanical maximums (mech max), were measured from three successive contractions while subjects provided a maximum effort and adhered to the experimental cadences. The aerobic maximums (aer) were the minimum pedal forces and power outputs necessary to elicit the condition specific V O2peak. *Significant difference between the two duty cycles (P Ͻ 0.05).
application throughout the knee extension cycle that resembled those of typical whole body activities ( Fig. 2 ) and fundamentally differ from previous studies using a similarly designed knee extension ergometer (e.g., Fig. 2 
in Ref. 3).
The forces applied by the legs were measured from four singleelement strain gauges (FLA-30-11; Tokyo Sokki Kenkyujo, Tokyo, Japan) arranged in a full wheatstone bridge configuration. The gauges were mounted on the tensile and compressive surfaces and aligned in parallel 0.051 m below the axis of rotation of the ergometer's extension arm. The relationship between force applied to the ergometer extension arm and the resulting resistance change within the strain gauge circuit was calibrated with multiple 11-point calibrations that were linear across the entire range of applied forces (R 2 Ͼ 0.99). To ensure the forces measured by the strain gauges were due to the action of the extensor muscles of the leg, subjects were informed that they could not grasp any part of the ergometer with their hands. We minimized possible movements of the upper body by securing subjects to the seat of the ergometer at the shoulders and hips with an adjustable four-point restraint system. In addition, the lower limbs were secured to the ergometer proximal to the ankle, which ensured repeatable placement of the shank against the ergometer during the knee extension phase.
Angular displacement was measured with an incremental rotary encoder (DFS60E-TBAM00360; Sick Stegmann, Dayton, OH) mounted to the axis of rotation of the ergometer arm; the encoder had a resolution of 360 counts per revolution. The analog signals from the encoder, strain gauges, and LED array were digitized at 3,003 Hz (Digidata 1440; Molecular Devices, Sunnyvale, CA) and recorded to a personal computer for subsequent signal conditioning and analysis (Igor 6.2; Wavemetrics; Portland, OR). The power output applied to the knee extension arm during each contraction was calculated from the measures of applied force and knee extension velocity in accordance with
where F is the force applied by the legs to the ergometer, r is the moment arm of the ergometer, is the angular displacement undergone during the extension, and s is the duration of the entire movement cycle. Imposed cadence and trial durations. We imposed the experimental cadences by altering the ratio of the knee extension duration to the limb replacement duration that was visible to the subjects on the previously described LED feedback array. Subjects were instructed to match their progress to the cadence displayed by the sequential illumination and darkening of the column driven by the adjustable timing circuit. The target duration of the knee extension phase was 1 s throughout this study. The limb replacement phase was programmed to have the following durations: 1 s for the acclimation condition (0.5 duty cycle), 0.33 s for the high duty cycle condition (0.75 duty cycle), and 3 s for the low duty cycle condition (0.25 duty cycle). Because of a slight mismatch between the imposed movement periods and the subject-achieved durations, likely due to the 6.2°interdiode resolution of the array, the mean performed duty cycles of the high and low conditions were 0.63 Ϯ 0.01 (n ϭ 61 trials) and 0.30 Ϯ 0.01 (n ϭ 62 trials), respectively. Hereafter, we refer to the high and low duty cycle conditions as the 0.6 and 0.3 conditions, respectively. Exhaustive trials were terminated when subjects could not match the cadence imposed by the LED feedback array for 5 s, despite receiving Fig. 1 . The custom ergometer assessed force application via strain gauges and limb excursions from an incremental encoder. The LED array provided visual feedback to maintain the imposed movement cadences. Subjects completed three experimental conditions of two-legged knee extension exercise; each condition required four laboratory visits as described in METHODS. warnings of the mismatch and putting forth a maximum effort to regain the cadence.
Oxygen uptake. Rates of oxygen uptake (V O2) were obtained from the subject's expired gas and analyzed with a computerized metabolic system (TrueOne 2400, ParvoMedics, Sandy, UT). During the initial session of each duty cycle condition, subjects completed a progressive, discontinuous, force incremented, knee extension test that consisted of 5-min bouts of knee extension, interspersed with rest periods of at least 3 min during the initial bouts, and until full recovery in the bouts approaching the aerobic limit. Peak rates of oxygen uptake for each duty cycle condition were the highest minute value obtained during either the final 5-min bout administered in the initial session of each condition or from an exhaustive effort eliciting failure in greater than 4 min, obtained in one of the subsequent sessions.
During the exhaustive knee extension trials, expired gases were collected in a series of Douglas bags. Aliquots from each bag were analyzed for O 2 and CO2 fractions using the metabolic system's analyzers. Expired volumes were determined by using a dry gas meter (CD4, model 4015; Parkinson-Cowan, C. Poe, Houston, TX) with simultaneous measures of the gas temperature (no. 4015; Control Company, Friendswood, TX). Rates of oxygen uptake were determined in accordance with Consalazio et al. (18) .
Power output and applied force. The reported measures of force and power for each trial were the average of all contractions performed within the particular knee extension bout. Thus, the values of P aer and Faer were those measured during the same trial that elicited the peak rate of oxygen uptake as described above. Forces and power outputs greater than those eliciting the aerobic maximums require a net reliance on anaerobic metabolism for the additional force production. Existing evidence suggests the transition to a reliance on anaerobic metabolism occurs at force levels and at relative intensities less than the V O2 peak (34, 42) . However, we use this conservative simplification because the anaerobic contribution to force production during in vivo muscle activity cannot be measured directly, whereas applied forces greater than those necessary to elicit the aerobic peak are measurable and unambiguously indicate an anaerobic contribution to force production (14) .
Peak mechanical power and force (P mech max and Fmech max). The maximum muscular performances were determined from the discontinuous test to peak force and were the greatest measures of force and power achieved in three consecutive contractions while matching the imposed cadence for each duty cycle condition.
Electromyography. Bipolar surface EMG electrodes were placed on the skin of the right and left legs overlying the muscle bellies of the distal portions of the vastus lateralis and the vastus medialis with an interelectrode distance of 0.025 m. The reference electrode was placed on the anterior aspect of the iliac crest. Repeatable electrode placement between data collection sessions was achieved by marking the location of each electrode with indelible ink during the subject's first and subsequent visits to the laboratory. Subjects were instructed to reapply the ink as necessary throughout their participation in the study. To reduce electrical impedance, the skin was shaved, lightly abraded, and cleaned with alcohol prior to electrode placement. If the interelectrode impedance exceeded 3,000 ⍀, the electrodes were removed, and the skin was cleaned prior to reinstrumentation with new electrodes. The surface EMG signals were amplified (500ϫ) and filtered (3-3,000 Hz half-amplitude band pass and 60-Hz notch filter) using four amplifiers (P511; Grass-Telefactor, Warwick, RI). The analog outputs from the amplifiers were digitized at 3,003 Hz and recorded throughout the duration of each knee extension trial by a computer using the previously described A/D converter. The recorded EMG data were rectified and averaged on a per contraction basis (AEMG). EMG records from the exhaustive trials (n ϭ 484) were screened and excluded from further analysis if there were signs of flawed electrical connectivity (n ϭ 10) or if the AEMG data decreased throughout the course of the trial (n ϭ 19). This occurred for unknown reasons in 3.9% of the acquired records (i.e., number of trials ϫ muscles interrogated).
Data analysis. For the 0.6 and 0.3 duty cycle conditions, we calculated the exponential time constants describing the decrements in force (k F0.6, kF0.3) and power (kP0.6, kP0. 3) that occurred with increments in effort duration from the 9 -11 exhaustive trials administered to each subject. These calculations involved a residual minimizing, iterative procedure, to solve for the exponential time constants, k, based on the measured terms in the following equations:
where P(t) and F(t) are the measures of power and force for each of the 9 -11 exhaustive trials of duration t, and Paer, Faer, Pmech max, and Fmech max are the levels of power and force output eliciting the V O2 peak and the mechanical burst maximums, respectively, from each subject in the two duty cycle conditions. The e Ϫkt term describes the time course of relative performance loss.
To quantitatively evaluate whether the cumulative duration of muscle force production sets a common time course of muscle fatigue and performance loss, we adjusted the force-duration relationship to reflect only the time that the muscle was applying force against the ergometer. The cumulative duration of muscle force application was obtained from the product of the trial duration and the mean duty cycle achieved in each condition. The mean duty cycle was obtained from all of the exhaustive trials completed at either the low or high duty cycle manipulations, i.e., 0.63 (n ϭ 61 trials) and 0.30 (n ϭ 62 trials).
We calculated the durations that would elicit a level of muscular performance representing the 50% midpoint (i.e., the half-life) of the performance range that exists between the mechanical maximums (P mech max and Fmech max) and the performance level supported at the aerobic peaks (Paer and Faer), in accordance with
where t1/2 is the duration of an exhaustive trial at the midpoint of the performance range, ln 0.5 is the natural log of 50%, and k is the relevant exponential time constant (e.g., k F0.6, kF0.3) describing the time course of the loss in muscle force with increments in the effort duration.
Statistics. Data are reported throughout the article as means Ϯ SE. Differences between the means for the two duty cycles were tested with a paired-samples t-test. The a priori level of significance for the statistical tests was set at P Ͻ 0.05.
RESULTS
Duration of muscle force application.
We administered a total of 508 bouts of knee extension exercise and analyzed 14,889 muscle contractions from the the 0.6 duty cycle condition and 5,991 muscle contractions from the 0.3 duty cycle condition. The greater number of contractions in the 0.6 duty cycle was due to the greater limb movement frequency of this condition, with subjects matching the frequencies imposed by the LED array in each condition, 0.76 Hz and 0.25 Hz (Fig. 2) . However, the mean duration of the active phase of the cycle varied somewhat from the imposed cadences in both conditions. In the 0.6 duty cycle, the durations of force application were less than those indicated by the 1-s extension phase of the LED array (0.83 Ϯ 0.015 s). In contrast, while completing the 0.3 duty cycle trials, subjects used contractile durations that were slightly longer than those of the imposed cadence (1.20 Ϯ 0.039 s).
Subjects used similar knee extension excursions in the 0.6 and 0.3 duty cycle conditions; these were 76.3 Ϯ 1.0°and 77.9 Ϯ 0.5°(P ϭ 0.49) for the exhaustive trials of similar force output, respectively. Therefore, the values of physical work (J) performed per contraction (35) parallel the forces applied during the exhaustive trials administered (Fig. 3) . Thus, in accordance with our experimental design, the between-duty cycle differences in muscle force account for the altered levels of work performed rather than the more complicated scenario occuring if both force application and muscle length change were to vary.
Power output and applied force. The mechanical power outputs that elicited the peak rates of oxygen uptake (V O 2 peak ) were obtained from trials lasting at least 240 s (0.6 duty cycle ϭ 258 Ϯ 7 s; 0.3 duty cycle ϭ 261 Ϯ 9 s), and were 90 Ϯ 7 W and 95 Ϯ 5 W for the 0.6 and 0.3 duty cycle conditions, respectively. The similar power outputs at the aerobic peak (P ϭ 0.57) were produced with applied forces that differed threefold, and were 246 Ϯ 18 N and 736 Ϯ 37 N (P Ͻ 0.001) for the 0.6 (Figs. 3 and 4) , respectively. The mechanical outputs provided by the working muscle elicited rates of oxygen uptake that differed by 10% between the conditions and were 2.10 Ϯ 0. 16 ·min Ϫ1 , respectively (P ϭ 0.02).
Maximum mechanical power and force (P mech max and F mech max ). The mean values for peak power output were 410 Ϯ 8 W and 153 Ϯ 13 W (P Ͻ 0.001) and were achieved with similar maximum force applications of 1,007 Ϯ 29 N and 1,102 Ϯ 69 N (P ϭ 0.15) for the 0.6 and 0.3 duty cycle conditions, respectively (Fig. 4) . The lesser power outputs produced during the 0.3 duty cycle were primarily due to the greater durations of the inactive phase of the contraction cycle.
Exponential loss of muscular performance (k). From each subject's duty cycle, specific measures of duration (t), power output [P(t)], and force application [F(t)] obtained during the exhaustive knee extension trials (Fig. 3) and from their respective measured mechanical (P mech max and F mech max ) and aerobic (P aer and F aer ) maximums, we determined the time course of power and force loss in accordance with Eqs. 2 and 3, by calculating the exponential time constants (k P and k F ) that described these decrements (Fig. 4) . For both the 0.6 and 0.3 duty cycle conditions, the measured force and power-duration relationships were well described by the calculated time constants. The mean R 2 for the force exponents were 0.97 and 0.93, respectively, for the 0.6 and 0.3 conditions, whereas the power exponents described the data with a mean R 2 of 0.97 and 0.86, for the 0.6 and 0.3 duty cycles, respectively.
The study means for the calculated exponential constants based on the measured trial durations (Fig. 4) were greater at the 0.6 vs. 0.3 duty cycle condition for both force (k F0.6 ϭ 0.020 Ϯ 0.001 s Ϫ1 vs. k F0.3 ϭ 0.011 Ϯ 0.001 s Ϫ1 ; P Ͻ 0.001) and power (k P0.6 ϭ 0.020 Ϯ 0.001 s Ϫ1 vs. k P0.3 ϭ 0.011 Ϯ 0.001 s Ϫ1 ; P ϭ 0.002). In contrast, the exponential time constants calculated from the cumulative duration of muscle force production (i.e., measured trial duration ϫ duty cycle) were similar between the two duty cycle conditions (k cum0.6 ϭ 0.032 Ϯ 0.002 s Ϫ1 vs. k cum0.3 ϭ 0.035 Ϯ 0.003 s Ϫ1 ; P ϭ 0.20). The exhaustive efforts representing the midpoint of the force decrements occurring in the nonsustainable performance range were 35.6 Ϯ 2.6 s and 67.2 Ϯ 4.3 s (P Ͻ 0.001) for the 0.6 and 0.3 duty cycle conditions, respectively (Fig. 5) . When the force decrements were adjusted to the cumulative duration of force production, the midpoints were achieved in the similar time periods of 22.4 Ϯ 1.6 s and 20.2 Ϯ 1.3 s (P ϭ 0.15), respectively.
Electromyography. AEMG, measured on a per contraction basis, increased throughout the duration of the constant load, exhaustive knee extension trials (Fig. 6) . Typically, we observed higher rates of AEMG increase (⌬AEMG/⌬time) during shorter compared with longer trials (Fig. 7) . During lowforce trials AEMG was essentially constant throughout the exercise (Fig. 8) . We identified the minimum forces necessary to trigger a positive increase in the AEMG, occuring in at least three of the muscles evaluated, as the force threshold for the onset of neuromuscular compensation. This threshold occurred at forces in the 0.3 duty cycle condition that were 3.7 times greater than within the 0.6 condition (559 Ϯ 37 N vs. 152 Ϯ 17 N; P Ͻ 0.001), which corresponded to 76 Ϯ 5% and 62 Ϯ 4% of the force outputs that elicited the peak rates of oxygen uptake (F aer ) for the 0.6 and 0.3 duty cycle conditions, respectively.
Hereafter, we consider the lower threefold difference between the forces eliciting the condition-specific areobic peaks (246 Ϯ 18 N and 736 Ϯ 37 N, for the 0.6 and 0.3 conditions, respectively) as the threshold for the onset of compensatory neuromuscular activity. We feel this is the most conservative treatment of the data, because trials at and above F aer elicited increases in the AEMG from all four muscles examined, and for these trials, the extent of the increase was both greater in magnitude and more consistent. Finally, the EMG technique when used on successive laboratory visits, as required here, should not be used for the identification of precise force thresholds because of inconsistencies inherent to signal normalization (22) .
DISCUSSION
Our experimental manipulation targeted the inactive period of the muscle contraction cycle to achieve a twofold difference in the muscle duty cycles used during constant-load knee extension trials. This perturbation altered the relationship between the muscle's mechanical performance and the durations sustained until failure in the following ways; first, the difference in the time course of the relative performance decrements differed twofold (Figs. 3 and 4) . Second, the minimum forces necessary to elicit the peak rates of oxygen uptake and initiate a net reliance on anaerobic metabolism were threefold greater in the lower vs. higher duty cycle condition (736 Ϯ 37 N vs. 246 Ϯ 18 N). Third, the minimum forces eliciting progressive increases in contraction-by-contraction EMG also differed by more than threefold (Fig. 8) . The finding of similar forces eliciting the peak rates of oxygen uptake and the onset of the compensatory neuromuscular activity within each duty cycle condition, but with marked differences between conditions, implicates the reliance on anaerobic metabolism as the trigger that evokes the fatigue-induced compensatory response. More generally, these data indicate an important role for the mechanics of muscular contraction in setting the time course and extent of performance lost during short-duration exhaustive exercise. The data further support our hypothesis that the onset of muscle fatigue can occur at markedly different levels of force production, but at a similar metabolic transition, while completing the same task.
Contractile mechanics determine rates and extent of muscle performance loss. Our findings extend the general quantitative description of short-duration nonsustainable muscular performance from the whole body level (14) to exercise modes activating a substantially lesser muscle volume (Table 1) . In both duty cycle conditions, the performance duration relationships that we measured for knee extension exercise closely followed the general form previously established from the whole body modes of sprint running (13) and cycling (52) . We found the time course of performance loss to be similar between subjects (30, 51), whereas the absolute levels of force output possible for a given subject or exhaustive duration were due to variations in either the burst maximum (F mech max ) or the sustainable performance level (F aer ) present between the subjects. These results, and previous studies, suggest that the maximum burst performances are set by the contractile mechanics imposed upon the muscle by the mode of exercise (e.g., 38, 53) . Here, the same mode of dynamic exercise resulted in peak forces applied for three consecutive contractions that were similar between the duty cycle conditions. In contrast, the lower limit of the nonsustainable performance range appears to be determined by the level of force production Fig. 5 . The time course of force decrements (e Ϫkt ) were twice as rapid in the 0.6 vs. 0.3 duty cycle condition (A and C). In contrast, when trial durations were expressed as the cumulative duration of muscle force production only, these differences were eliminated (B). For instance, trials representing the midpoint of the nonsustainable performance range occurred for durations of 35.6 vs. 67.2 s, respectively (C; P Ͻ 0.001). However, the levels of force production eliciting this midpoint were reached with nearly the same cumulative durations of muscle activity [22. that is supported primarily by aerobic metabolism (33, 49) . This metabolic transition occurs at slightly lesser performances than the peak rate of oxygen uptake (our Fig. 8 ; see also Refs. 33 and 42) simplification that we have used conservatively here and previously (12, 13, 51) . Nonetheless, the data indicate that the level of force production responsible for the transition from primarily aerobic metabolism to a net reliance on anaerobic sources of ATP resynthesis can differ markedly while completing the same muscular task. For example, although the peak rates of oxygen uptake varied by only 10% between the duty cycle conditions (2.33 vs. 2.10 l O 2 /min), the forces applied to the ergometer at this common intensity differed by 300% (Fig.  4) . We believe the greater levels of sustainable force production in the 0.3 duty cycle condition are attributed to the longer inactive period between contractions, which may provide a greater opportunity for blood flow (8, 16, 43) , oxygen delivery for aerobic resynthesis of ATP (7, 46) and potentially the restoration of the chemical environment within the muscle cell following the contraction.
The duty cycle manipulation also resulted in a twofold difference in the relative rates of performance loss, i.e., the exponential time constants differed by a factor of 2 (Fig. 3) . The magnitude of this effect is well illustrated by the 30-s greater trial durations representing the 50% midpoint of the nonsustainable performance range for the 0.3 vs. 0.6 conditions (t 1/2 ϭ 36 Ϯ 2.6 vs. 67 Ϯ 4.3 s; and Fig. 5A ). However, when we accounted for the different periods of muscle inactivity imposed by the experimental manipulation, the exponential time constants describing the performance loss were essentially the same. For example, when the midpoint trial durations referenced above were adjusted by the measured duty cycles, these trials used 22 Ϯ 1.6 and 20 Ϯ 1.3 s of cumulative muscle activity in the 0.6 and 0.3 duty cycle conditions, respectively (Fig. 5) . The similar time course of force loss, when expressed as if the muscles were in continuous use, implicates the muscle duty cycle and the duration of muscle activity as main factors determining the progression of performance loss and muscle fatigue in vivo. A potential explanation for this result is that the cumulative duration of muscle activity may influence the extent of metabolite concentration changes that are thought to influence the instant of task failure (28, 50) . These data suggest that other mechanical parameters describing the frequency, velocity, and periods of muscle activity may also affect the time course of exhaustive performance loss in addition to the more commonly described suite of metabolically based biochemical factors (36) . Fig. 7 . Contraction-by-contraction EMG (AEMG) values from the left vastus medialis during six exhaustive constant-load, knee extension trials with different muscle duty cycles. Here only, to compare the EMG data between laboratory visits, these data were expressed relative to the standardized warm-ups. Fig. 8 . Levels of force application in excess of this representative subject's aerobic peak (A and C), triggered a reliance on anaerobic metabolism for force production, and as a result, rates of EMG activity increased (⌬AEMG/ ⌬time). At lesser levels of force application, these measures were essentially constant throughout the exercise bout. B and D: rates of AEMG increase from the 123 exhaustive bouts of knee extension administered in this study. Measured forces (A and C), and study means of the forces Ϯ SE (B and D) eliciting the aerobic peaks are illustrated by the vertical lines in each panel (blue ϭ 0.6 duty cycle, red ϭ 0.3 duty cycle).
Compensatory neuromuscular activity. The EMG data provide several novel conclusions regarding the neural mechanisms used to maintain force application during dynamic, constant-load exhaustive efforts. In both duty cycle conditions, during trials with levels of force application that were essentially sustainable and supported primarily by aerobic metabolism, we found nearly no increase in EMG (Fig. 8) . In contrast, in trials with levels of force production that exceeded those eliciting the aerobic peaks, we measured progressive increases in EMG activity, as others have (12, 15, 41) . In these trials, which necessarily require a net reliance on anaerobic metabolism, the compensatory behavior began at the outset of each exhaustive trial and continued contraction-by-contraction until the point of failure (Figs. 6 and 7) . The duty cycle manipulation used here resulted in forces at the thresholds for the onset of the fatigue-induced compensatory neuromuscular activity that were 246 Ϯ 18 N and 736 Ϯ 37 N for the 0.6 and 0.3 conditions, respectively, and corresponded to 25 Ϯ 2.0 and 67 Ϯ 2.9% of the respective burst force maximums. This is a substantial increase in the range of muscular forces that can be provided without the development of muscle force impairment or fatigue. The similar increases in both the forces, supported at the aerobic peaks, and the threshold for EMG increase (Fig.  8 ) support the hypothesis of a metabolic basis for the onset of the compensatory neuromuscular response to overcome impaired force production. This compensatory behavior is not likely attributed to a discrete response occurring within a single fiber type because of the marked difference in the forces necessary to elicit the fatigue response within the same musculature. This conclusion is unaffected by the small simplification that we use to quantify the force level necessary to elicit a reliance on anaerobic metabolism.
Finally, our results illustrate that to adequately compare short-duration fatiguing efforts between subjects, experimental conditions, or modes of exercise, the performances must be referenced to both the upper and lower physiologically based limits that define the short-duration nonsustainable range. This is not current practice. Although investigators with a different focus separately recognize the importance of the burst and sustainable levels of force production, studies aimed at identifying the mechanisms of fatigue or to provide physiological explanations of between-subject differences routinely reference measured data to either the upper burst maximum (e.g., top speed, peak power, maximum voluntary contraction) or lower, sustainable (e.g., V O 2 peak , critical power) limit only. Our results illustrate the potential impact of the current approach. When the force thresholds for the onset of muscle fatigue observed in the duty cycle conditions are expressed relative to the burst maximums, which in dynamic contractions, are analogous to the maximum voluntary contraction (MVC), the onset of compensatory recruitment occurred at 25 and 67% of the maximums for the 0.3 and 0.6 conditions, respectively. Thus, the classical analysis would support a conclusion of different fatiguing mechanisms, despite the similar underlying metabolic transition occurring at very different levels of force production that we document here.
Perspectives and Significance
The experimental design used and data obtained here are focused on understanding fatigue-induced neuromuscular alterations that originate in the body's periphery and, thus, do not directly inform fatigue-based mechanisms occurring within the central nervous system. However, these results do provide a potential strategy for interventions aimed at improving muscle condition and whole body performance. First, in activities in which performance is determined primarily by force rather than power (9, 47) , and duty cycle can be readily altered, considerably greater muscle forces can be sustained for longer durations at lower duty cycles. For example, in the trials illustrated in Fig. 2 , the duty cycle manipulation resulted in durations to failure that were over 12 times greater and included over fourfold more contractions for the 0.3 vs. 0.6 condition despite the similar levels of force produced by the muscle. Second, greater forces that can be sustained for longer durations increase the mechanical stress experienced by the tissues, and may promote enhanced growth rates within the muscles (39) and bones (44) . These are the desired effects for many interventions aimed at inducing training-related muscle hypertrophy or ameliorating age-related and spaceflight-induced atrophy of these tissues. Although resistance exercise training is contraindicated in some older adults, for others, the strategies identified by these results provide an opportunity to augment force output and repetition number in accordance with existing guidelines (2) .
Concluding remarks. Our manipulation of the muscle duty cycle, achieved by altering the rest period of the contraction cycle, resulted in a twofold difference in the rates of performance loss and a threefold difference in the force thresholds necessary to elicit the onset of fatigue and neuromuscular compensation. The consistency of the results among the different subjects, between experimental conditions, in static (15) and dynamic contractions, as well as compared with whole body sprinting (14) and cycling (12) exercise, strongly suggests there is a common physiological basis for the onset of force impairment and muscle fatigue observed during shortduration, exhaustive exercise. We conclude that a reliance on anaerobic metabolism for ATP resynthesis impairs muscle force production and triggers the nervous system to recruit additional motor units into the active volume of muscle fibers.
